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ABSTRACT In response to nutrient depletion, the RelA and SpoT proteins generate
the signaling molecule (p)ppGpp, which then controls a number of downstream ef-
fectors to modulate cell physiology. In Acinetobacter baumannii strain AB5075, a relA
ortholog (ABUW_3302) was identified by a transposon insertion that conferred an
unusual colony phenotype. An in-frame deletion in relA (ArelA) failed to produce de-
tectable levels of ppGpp when amino acid starvation was induced with serine hy-
droxamate. The ArelA mutant was blocked from switching from the virulent opaque
colony variant (VIR-O) to the avirulent translucent colony variant (AV-T), but the rate
of AV-T to VIR-O switching was unchanged. In addition, the ArelA mutation resulted
in a pronounced hypermotile phenotype on 0.35% agar plates. This hypermotility
was dependent on the activation of a LysR regulator ABUW_1132, which was re-
quired for expression of AbaR, a LuxR family quorum-sensing regulator. In the ArelA
mutant, ABUW_1132 was also required for the increased expression of an operon
composed of the ABUW_3766-ABUW_3773 genes required for production of the
surfactant-like lipopeptide acinetin 505. Additional phenotypes identified in the
ArelA mutant included (i) cell elongation at high density, (ii) reduced formation of
persister cells tolerant to colistin and rifampin, and (iii) decreased virulence in a Gal-
leria mellonella model.

IMPORTANCE Acinetobacter baumannii is a pathogen of worldwide importance.
Due to the increasing prevalence of antibiotic resistance, these infections are be-
coming increasingly difficult to treat. New therapies are required to combat
multidrug-resistant isolates. The role of RelA in A. baumannii is largely unknown.
This study demonstrates that like in other bacteria, RelA controls a variety of func-
tions, including virulence. Strategies to inhibit the activity of RelA and the resulting
production of ppGpp could inhibit virulence and may represent a new therapeutic
approach.

KEYWORDS Acinetobacter, stringent response, quorum sensing, motility

cinetobacter baumannii is a nosocomial pathogen responsible for a variety of
human infections (1-5). The incidence of these infections is increasing worldwide,
and the inability to effectively treat these infections with antibiotics is a worrisome
development, as recently emphasized by both the U.S. Centers for Disease Control and
Prevention and the World Health Organization (6-9). Furthermore, A. baumannii infec-
tions can be seen in the community and can cause a severe rapidly fatal disease (10, 11).
A. baumannii strain AB5075 and many clinical isolates can switch between two cell
types, those that form opaque colonies on 0.5X Luria-Bertani (LB) agar plates when
viewed by oblique lighting and those that form translucent colonies (12). These two cell
types exhibit marked differences in virulence in both Galleria mellonella and mouse
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lung models of infection, where the opaque form is virulent (VIR-O) and the translucent
form is avirulent (AV-T) (12, 13). Several regulatory genes can influence the rate of VIR-O
to AV-T switching. For example, mutations in arpAB encoding an RND-type efflux
system decrease the rate of switching, and mutations in orthologs of the EnvZ/OmpR
two-component system increase the rate of VIR-O to AV-T switching (14, 15). In
addition, overexpression of a TetR-type transcriptional regulator, ABUW_1645, can drive
cells from the VIR-O to the AV-T state. However, a null allele in ABUW_1645 had no
effect on VIR-O to AV-T switching (13).

Bacteria respond to starvation for carbon, fatty acid, phosphate, iron, and amino
acids and other stress responses by inducing synthesis of the alarmone molecule
(p)ppGpp via the RelA or SpoT protein, reviewed in references 16 to 20. RelA and SpoT
comprise the RSH superfamily, in which RelA synthesizes (p)ppGpp using ATP and
GDP/GTP and SpoT has both weak synthetase activity and strong hydrolase (ppGpp
degrading) activity. The effect of ppGpp accumulation in cells is multifactorial. Global
transcription is reprogrammed utilizing ppGpp together with the DksA protein to alter
the activity of RNA polymerase (RNAP), resulting in both decreased and increased
transcription at various promoters (16, 19, 21, 22). A second mechanism for transcrip-
tional reprogramming by ppGpp involves decreasing the affinity of o7° for RNAP and
allowing other sigma factors to bind (23). RelA and the resulting production of ppGpp
impacts additional cellular functions, including growth rate, translation, and DNA
replication (16, 20). A requirement for ppGpp in bacterial virulence has been demon-
strated in a wide variety of Gram-negative bacteria, including Pseudomonas aeruginosa,
Legionella pneumophila, Burkholderia pseudomallei, Francisella novicida, Vibrio cholerae,
Yersinia pestis, Salmonella enterica, and Escherichia coli (24-32). The role of RelA and
ppGpp in the formation of antibiotic-tolerant persister cells has also been described
(33-38). Reviews on this subject highlight the multiple roles attributed to RelA, includ-
ing examples in Gram-positive bacteria (16, 39, 40).

In A. baumannii, the role of RelA is largely unknown. A screen for transposon
insertions that resulted in sensitivity to ascites fluid or human serum identified relA, but
no additional characterization was reported (41, 42). A recent study demonstrated a
role for RelA in the regulation of efflux genes, such as adeB and adeJ (43). In this study,
we report a transposon insertion in relA that was initially identified by the resulting
change in colony morphology. Further characterization of an in-frame relA deletion
revealed that a number of phenotypes were impacted by the mutation, including (i)
loss of ppGpp synthesis, (i) loss of switching from the VIR-O to the AV-T variant, (i)
increased surface motility, and (iv) elongated cell morphology at high density. Further-
more, like in many other bacteria, the loss of relA decreased virulence when assessed
in a Galleria mellonella model. This study reveals for the first time the multiple roles for
RelA in the physiology of A. baumannii.

RESULTS

Identification of an A. baumannii relA ortholog. A. baumannii strain AB5075 can
rapidly switch between two cell types, virulent and avirulent, that are distinguished by
their opaque (VIR-O) or translucent (AV-T) colony phenotypes when viewed with a light
source that illuminates the colonies from below (oblique lighting) (12, 13). In the course
of screening a transposon insertion library (EZ-Tn5 <Tet-1>) in the avirulent translu-
cent (AV-T) variant of AB5075, a colony with an unusual phenotype was observed that
exhibited a metallic sheen and an irregular colony surface when viewed by oblique
lighting. This colony phenotype was similar to that of mutants we had previously
observed, where cells were highly filamentous (44). When this colony was restreaked,
it gave rise to a second colony phenotype that was larger and flat with irregular edges.
To identify this mutation, the transposon insertion was cloned out along with flanking
DNA, and the insertion site was determined to be within the ABUW_3302 gene. The
protein encoded by ABUW 3302 exhibited 40% identity and 62% amino acid similarity
to the E. coli RelA protein. RelA functions as a ppGpp synthetase that generates the
secondary messenger molecule (p)ppGpp in response to nutrient starvation and other
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A. AV-T wild-type AV-T A3302

B. VIR-O wild-type VIR-O A3302

FIG 1 Colony morphology of wild-type and A3302 mutants. (A) Colonies of the wild-type AV-T and the
isogenic AV-T A3302 mutant are shown after 24 h of growth on a 0.5X LB agar plate. (B) Colonies of the
VIR-O wild type and the isogenic VIR-O A3302 mutant are shown after 24 h of growth on a 0.5X LB agar
plate. Because of the larger size of the VIR-O A3302 colony, the relative picture size in panel B is
approximately 50% smaller than in panel A.

stressors (19, 45). To confirm that the insertion in ABUW_3302 was responsible for the
observed colony phenotypes, a nonpolar in-frame deletion in ABUW_3302 was con-
structed in both the VIR-O and AV-T variants. The AV-T AABUW_3302 mutant exhibited
the same unusual colony phenotype as the original transposon insertion, and this
phenotype is shown compared to a wild-type AV-T colony (Fig. 1A). In addition, the
AV-T AABUW_3302 mutant was capable of switching at high frequency (~5% to 10%)
to cells that now formed large flat colonies with irregular borders that were identical in
appearance to colonies observed arising in the original AV-T transposon mutant.
Moreover, these colonies were identical in appearance to the VIR-O AABUW_3302
mutant, confirming that these represented VIR-O variants (Fig. 1B). Taken together,
these data indicate that the AABUW_3302 mutation significantly alters colony morphol-
ogy in both the VIR-O and AV-T variants.

A deletion of ABUW _ 3302 blocks the VIR-O to AV-T switch. As noted above, the
AV-T AABUW_3302 mutant gave rise at high frequency to colonies identical in appear-
ance to the VIR-O AABUW_3302 mutant. However, the VIR-O AABUW_3302 mutant did
not give rise to colonies of the AV-T morphology when restreaked. To determine if the
rate of VIR-O to AV-T switching was reduced by the AABUW_3302 mutation, the
frequency of switching in 24-h colonies was determined (Table 1). While the rate of
VIR-O to AV-T was measured at 6.6% in wild-type cells, we could not detect any AV-T
colonies arising from the VIR-O mutant in the AABUW_3302 mutant background.
The lower limit of detection in these switching assays is estimated to be 1/10° to
1/10° cells, making the decrease in switching at least 5,000-fold. Interestingly, when
the rate of AV-T to VIR-O switching was determined, the levels were similar in
wild-type cells and the AABUW_3302 mutant, 7.5% = 1.7% and 10.9% =* 6.8%, respec-
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TABLE 1 Analysis of switching frequency between VIR-O and AV-T variants

Strain or genotype VIR-O to AV-T (%) AV-T to VIR-O (%)
Wild type 6.6 £ 29 75+ 17
AABUW_3302 None detected 109 = 6.8
AABUW _3302/Tn7::ABUW_3302 20.5 = 8.6 Not determined

tively. To determine whether providing the AABUW_3302 gene in trans could comple-
ment the AABUW_3302 mutation, an isopropyl-B-p-thiogalactopyranoside (IPTG)-
inducible copy of AABUW_3302 was introduced into the chromosome at the gimS site
on a Tn7 derivative. In the presence of 2 mM IPTG, the AABUW_3302/Tn7:ABUW_3302
cells now exhibited a normal colony morphology, and the rate of VIR-O to AV-T
switching was restored to 20.5% = 8.6%.

The ABUW_3302 gene encodes a RelA ortholog. To determine whether the
ABUW_3302 gene encoded a ppGpp synthetase, the production of ppGpp was exam-
ined by thin-layer chromatography in the presence or absence of serine hydroxamate,
an inducer of the RelA-dependent stringent response. In wild-type cells, the presence
of serine hydroxamate induced the production of ppGpp. However, the ArelA mutant
was unable to produce ppGpp, confirming that it functioned as a ppGpp synthetase
(Fig. 2). Based on this result and the amino acid similarity of the ABUW_3302 gene
product to those of the RelA proteins of other bacteria, the ABUW_3302 gene will be
referred to here as relA.

The ArelA mutation results in cell elongation at high density. Cells of the
wild-type VIR-O and AV-T variants and the corresponding isogenic ArelA mutants were
examined by phase-contrast microscopy at mid-log phase and at early stationary phase.
In mid-log-phase cultures, both wild-type and ArelA cells from either VIR-O or AV-T
backgrounds exhibited similar morphologies (Fig. 3). However, at high cell density, the
ArelA mutation in both the VIR-O and AV-T backgrounds resulted in elongated cells
relative to the wild type, which was restored by a wild-type copy of relA (Fig. 3).

ATP

GTP."'

pPGpp .
pppGpp b
spotting ‘

SHX -+ - 4+

WT  A3302 (relA)
FIG 2 TLC autoradiogram of 32P-labeled nucleotides from the AB5075 VIR-O wild type (WT) and the
AABUW_3302 (relA) mutant after exposure to 0.4 mg/ml serine hydroxamate (SHX) for 5min. The

autoradiogram shown is representative of three independent experiments.
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FIG 3 Cell morphology at low and high cell densities. Cells were grown in LB and examined microscop-
ically at early log phase (ODg,, of 0.3) or at high density (ODy,, of 1.3).
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The ArelA mutation results in a hypermotile phenotype. Based on the flat,
irregular, and spreading colonies formed by the VIR-O ArelA mutant on 0.5X LB agar
plates, we predicted that cells would be hypermotile, as a similar colony phenotype and
hypermotility was previously observed in an arpB mutant (14). When motility was
measured on 0.35% agar plates, the VIR-O ArelA mutant was indeed hypermotile
relative to wild-type cells (Fig. 4A). However, this increase in motility was specific to the
VIR-O form. When the AV-T ArelA mutant was tested for motility, it was similar to
wild-type AV-T cells (data not shown). Introduction of the wild-type relA gene under the
control of an IPTG-inducible tac promoter in single copy (Tn7) into the VIR-O ArelA
mutant reduced motility back to wild-type levels when relA expression was induced
with IPTG (Fig. 4A).

RelA represses quorum sensing. Previous studies have indicated that surface
motility in A. baumannii and Acinetobacter nosocomialis is dependent on a number of
factors, including (i) production of the quorum-sensing signal 3-OH C,,-homoserine
lactone (HSL) mediated by the Abal autoinducer synthase, which is activated by the
AbaR transcriptional regulator (46), (ii) 1, 3-diaminopropane produced by the combined
activity of the Dat and Ddc proteins (47), (iii) acinetin 505, a surfactant-like molecule
produced by proteins encoded by a large operon, ABUW_3766-ABUW_3773 (46, 48), and
(iv) loss of the histone-like protein H-NS (49). To determine if the ArelA mutation altered
the expression of genes encoding these motility-related factors, we used quantitative
real-time PCR (gRT-PCR) to measure expression of these genes in wild-type VIR-O and
isogenic ArelA backgrounds. Expression of abal, abaR, and ABUW _3770, a representative
gene in the ABUW_3766-ABUW_3773 operon, were upregulated 3.9-fold, 41.3-fold, and
55.6-fold, respectively, in the ArelA mutant (Table 2). In contrast, expression of
ABUW_1109 (dat) and ABUW_3609 (hns) was not significantly altered in the ArelA
mutant (Table 2). Introduction of a wild-type copy of relA on a Tn7 derivative into the
ArelA mutant reduced the levels of abal, abaR, and ABUW_3770 expression back to
wild-type levels (Table 2).

Next, to evaluate if hypermotility in the ArelA mutant was dependent on overex-
pression of the abal, abaR, or ABUW_3770 gene, abal::T26, abaR::T26, and ABUW _3770::
T26 mutations were individually introduced into the ArelA background, and all these
mutations resulted in loss of the hypermotile phenotype (Fig. 4A).

RelA controls motility and quorum sensing via ABUW_1132, a LysR-type reg-
ulator. In the course of screening an A. baumannii plasmid library for a separate study,
a transformant was identified that produced large flat colonies with irregular edges on
0.5X LB agar plates. This phenotype was very similar to that seen in the ArelA mutant
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FIG 4 Surface motility of A. baumannii strains. Cultures of strains to be tested were grown to an optical
density of 0.5, and a 1-ul aliquot was placed on the surface of a 0.35% Eiken agar plate. Plates were
incubated at 37°C for 8 h. The reported values represent the averages from 6 measurements per strain,
2 from three independent experiments. *, P < 0.05 versus wild-type control determined by Student’s t
test.

and suggested a hypermotile phenotype. The only functional gene within this insert
was ABUW_1132, encoding a predicted LysR-type transcriptional regulator. To verify
that motility was increased in this transformant, surface motility was examined on
0.35% Eiken agar plates. The presence of ABUW_1132 in multicopy (p1132) resulted in
a 3.8-fold increase in motility compared to that of the vector control (Fig. 4B). In a
manner similar to that seen in the ArelA mutant, the hypermotile phenotype resulting
from ABUW_1132 overexpression was lost in abal::-T26 and ABUW_3770::T26 mutants,
indicating that a functional quorum-sensing pathway and acinetin 505 synthesis were
required (Fig. 4B).
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TABLE 2 Real-time gRT-PCR analysis of gene expression

Relative expression of“:

Strain or genotype abal abaR ABUW _3770 dat (ABUW_1109) hns (ABUW_3609) ABUW_1132
Wild type 1 1 1 1 1 1

ArelA 3913 41.3 + 10.4b 556 + 17.1° 1.7 £ 03 1.5+ 03 142 + 1.0°
ArelA/ABUW_1132:T26 1.7 = 0.7 7.9 £ 3.0¢ 0.9 *= 0.3¢

ArelA Tn7relAd 0.8 = 0.1 1.2 =02 09 = 0.2 0.8 = 0.1

aValues represent the means from three biological replicates with standard errors. Values for each strain were calculated using the 2=2A¢T method with clpX as an
internal control.

bPp < 0.05 versus wild type.

P < 0.05 versus ArelA.

dCells with Tn7relA were grown with 5 mM IPTG.

Since the motility phenotype resulting from ABUW_1132 overexpression and that of
the ArelA mutant were similar, two additional experiments were conducted to deter-
mine if the increased motility in the ArelA mutant was due to ABUW_1132 overexpres-
sion. First, gRT-PCR analysis of ABUW_1132 mRNA levels in a wild-type VIR-O and the
isogenic ArelA mutant verified that expression of ABUW_1132 was increased 14.2 = 1.0-
fold in the ArelA mutant (Table 2). The increased ABUW_1132 expression was brought
back to wild-type levels in the ArelA mutant containing a wild-type copy of relA
(Tn7relA). Next, to determine if the increased ABUW_1132 expression in the ArelA
mutant was responsible for activation of the downstream abal, abaR, and ABUW_3770
genes, the expression of these genes was examined by gRT-PCR in the ArelA mutant
and in a ArelA ABUW_1132:T26 double mutant. The increased expression of abal, abaR,
and ABUW_3770 in the ArelA mutant was now lost or significantly reduced in the ArelA
ABUW_1132:T26 double mutant (Table 2). In addition, the hypermotile phenotype
observed in the relA mutant was now lost in the ArelA ABUW _1132:T26 double mutant
(Fig. 40).

Role of RelA in persister cell formation. Strain AB5075 is highly resistant to most
antibiotics and only exhibits sensitivity to a limited number of bactericidal antibiotics,
such as colistin and rifampin. The MICs for colistin and rifampin were similar in both the
wild-type VIR-O and the ArelA mutant, with the rifampin MIC at 2 ug/ml and the colistin
MIC at 0.38 ug/ml. Next, to determine if RelA contributed to the development of
persister cells tolerant to high levels of antibiotic, cell survival was assayed after 1 h of
exposure to 50X the MIC for colistin or 80X the MIC for rifampin. For wild-type VIR-O
with rifampin, the percentage of surviving VIR-O cells was 22.3% =+ 10.9%, and for the
ArelA mutant it was 6.3% =+ 5.9%, representing a 3.5-fold decrease. For wild-type VIR-O,
the percentage of cells surviving colistin was 7.9% * 1.9%. For the ArelA mutant, the
percentage of surviving cells was 1.7% =+ 0.5%, a 4.6-fold decrease (P < 0.05 versus the
wild type).

RelA is required for virulence in Galleria mellonella. To investigate the role of
RelA in virulence, larvae of the Galleria mellonella moth were utilized. Larvae (n = 30/
strain) were infected with 9 X 105 cells of the wild-type VIR-O or isogenic ArelA mutant,
and survival was monitored over a 5-day period. The ArelA mutant exhibited reduced
virulence, as indicated by the increased overall survival after 5 days relative to that of
larvae infected with wild-type VIR-O cells (P < 0.001) (Fig. 5). The reduced virulence of
the ArelA mutant was restored when a copy of relA (Tn7relA) was introduced (Fig. 5).

DISCUSSION

In this study, we have identified and characterized a RelA ortholog in A. baumannii
and demonstrated that it regulates multiple cellular functions. Our initial identification
of the ArelA mutation resulted from a transposon insertion in the avirulent translucent
(AV-T) colony variant that gave an unusual colony phenotype when viewed by oblique
lighting under a dissecting microscope. This phenotype was likely the result of elon-
gated cells that changed the colony appearance. This finding is consistent with
previous studies that have shown that relA mutations and the resulting loss of ppGpp
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FIG 5 Virulence assays using Galleria mellonella. Larvae weighing between 200 and 250 mg were injected
with 9 X 10° cells of the indicated strains. Larvae were monitored daily for survival for a period of 5 days.
The reported values represent the averages from 30 larvae from a total of three independent experi-
ments where 10 larvae/strain were used. ¥, P < 0.001 by the Mantel-Cox test.

can also result in cell elongation (50-52). Additional changes in colony morphology due
to loss of relA were evident in virulent opaque (VIR-O) cells, where colonies exhibited
a spreading morphology on 0.5X agar plates, a phenotype consistent with increased
surface motility.

The ArelA mutation in a VIR-O background resulted in a 3-fold increase in surface
motility (Fig. 4A). This increased motility was dependent on the LysR-type transcrip-
tional regulator ABUW_1132, Abal (autoinducer synthase), AbaR (LuxR-type regulator),
and ABUW_3770. Previous studies in A. nosocomialis M2 have shown that abal, encod-
ing an autoinducer synthase responsible for the production of 3-OH C,,-HSL, was
required for surface motility (46). In addition, the Abal-dependent quorum-sensing
pathway in A. nosocomialis was responsible for activating a large operon highly similar
to A1S_0112-A15_0119 in A. baumannii strain ATCC 17978 and to ABUW_3766-
ABUW_3773 in A. baumannii AB5075 (46). Recent work has shown the A71S_0112-
A15_0119 gene products direct the production of acinetin 505, a surfactant-like lipo-
peptide (48). In the ArelA mutant, expression of abaR and ABUW_3770 (a representative
gene for the ABUW_3766-ABUW_3773 operon) were upregulated 41-fold and 56-fold,
respectively. This suggests the following mechanism to explain the hypermotile phe-
notype in the ArelA mutant (Fig. 6). First, loss of relA increases ABUW_1132 expression,
which directly or indirectly activates AbaR. In turn, together with 3-OH C,,-HSL, AbaR
then activates the ABUW_3766-ABUW_3773 operon, which increases acinetin 505 pro-
duction and aids cell motility by its surfactant-like qualities. However, the loss of relA
may also increase abaR expression in a manner independent of ABUW_1132, as the
levels of expression in the relA ABUW_1132:T26 double mutant are still elevated above
wild-type levels (Table 2). Interestingly, the effect of RelA on the quorum-sensing

ABUW_1132

RelA /\ l(+)
\/ (+)

abaR =——— ABUW_3766-3773
N Acinetin-505 production
(+)

abal
/M 3-OH C,, HSL production
FIG 6 A model for the RelA-dependent control of downstream pathways. RelA is predicted to act as a
negative regulator of both the LysR-type regulator ABUW_1132 and the LuxR-type regulator AbaR.

ABUW_1132 then activates the abaR gene and, together with 3-OH C,,-HSL, AbaR then activates the abal
gene and the ABUW_3766-ABUW_3773 operon.
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response in A. baumannii differs from that seen in Pseudomonas aeruginosa, where
quorum sensing is activated in a RelA-dependent manner (53).

The ArelA mutation completely blocked the ability of A. baumannii AB5075 to switch
from the virulent opaque form (VIR-O) to the avirulent translucent form (AV-T). This
phenotype was fully complemented by expressing a single copy of the relA gene from
an IPTG-inducible promoter. Interestingly, the reciprocal AV-T to VIR-O switch was
unaffected by the ArelA mutation. A similar effect on switching was also observed in
arpAB mutants, where switching was decreased in the VIR-O to AV-T direction only (14).
This adds support to the hypothesis that separate pathways can control the direction-
ality of this virulence switch. Since arpAB mutants exhibited a defect in switching, we
determined if the ArelA mutation decreased expression of these genes, but similar
levels were observed in the wild type and the ArelA mutant (M. Perez-Varela and P.
Rather, unpublished data). Despite being locked in the virulent opaque form, the ArelA
mutant exhibited a significant decrease in virulence when tested in a Galleria mellonella
model. Reduced virulence is a common phenotype resulting from loss of RelA in other
bacteria (24-32). The contribution of decreased switching from the VIR-O to the AV-T
form to the overall levels of virulence in vivo are likely to be minimal, as the majority
of cells will be in the VIR-O form either way. Therefore, in the absence of other genetic
changes, simply locking a strain in the VIR-O state may not increase virulence. The
reduced virulence of the ArelA mutant is likely due to global pleiotropic changes that
negatively impact virulence.

The mechanism by which the ArelA mutation results in loss of switching from the
VIR-O to AV-T state is under investigation. However, a ArelA ABUW_1132 double mutant
did not exhibit restored switching, indicating that the RelA-mediated upregulation of
ABUW_1132 was not involved (Perez-Varela and Rather, unpublished). It is possible that
ppGpp directly influences the activity of a transcriptional regulatory protein in a
manner similar to that seen with SlyA in S. enterica serovar Typhimurium and PigR in
Francisella tularensis (54, 55). Alternatively, the loss of switching may result from a more
general mechanism due to the global changes in gene expression brought about by
reprogramming RNA polymerase. We are currently investigating these possibilities by
conducting suppressor screens to identify mutations or high-copy-number suppressors
that restore VIR-O to AV-T switching in the ArelA mutant. Additionally, a SpoT ortholog
(ABUW_0309) is present in A. baumannii, and its role in A. baumannii is under investi-
gation.

MATERIALS AND METHODS

Strains and growth conditions. A. baumannii AB5075 was grown in modified Luria-Bertani (LB)
broth (10 g tryptone, 5 g yeast extract, 5 g NaCl per liter) at 37°C with shaking at 270 rpm. LB agar plates
were prepared either full strength (1X LB), using 10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter
and 1.5% agar, or half strength (0.5X LB), using 5 g tryptone, 2.5 g yeast extract, and 2.5 g NaCl per liter
and 0.8% agar. To prepare competent AB5075 AV-T, cells were grown to an optical density at 600 nm
(ODgqp) Of 0.8, pelleted by centrifugation, and washed twice with 1T ml of ice-cold 10% glycerol.
Competent cells were resuspended in 70 ul of ice-cold 10% glycerol per electroporation. Following
electroporation, cells were resuspended in 1 ml of LB broth and recovered by stationary incubation at
37°C for 30 min followed by 30 min of incubation at 270 rpm. Isopropyl-B-d-thiogalactopyranoside (IPTG)
was added at a final concentration of 2 uM to media.

Measurement of (p)ppGpp pools. Nucleotides were measured as described previously (56, 57). A.
baumannii cells were grown in morpholinepropanesulfonic acid (MOPS) minimal medium supplemented
with 0.4% p-glucose, 40 ng/ml of each amino acid except serine, and 0.4 mM phosphate. MOPS minimal
medium consisted of 40 mM MOPS buffer, 4 mM tricine, 0.4% b-glucose, 40 wg/ml of each amino acid
except serine, 2mM K,HPO,, 10 uM FeSO,-7H,0O, 9.5 mM NH,Cl, 276 uM K,SO,, 500 nM CaCl,, 50 mM
NaCl, 525 uM MgCl,, 2.9 nM (NH,);Mo,0,,-4H,0, 400 nM H,BO,, 30 nM CoCl,, 9.6 "M CuSO,, 80.8 nM
MnCl,, and 9.74 nM ZnSO,, (pH 7.2) (58). Logarithmically grown bacterial cultures (ODg,, of 0.25) were
labeled with 10 wCi/ml of [32P]phosphorous (PerkinEImer, Waltham, MA) for approximately 1.5 doubling
times (60 min). Cells were treated with 0.4 mg/ml serine hydroxamate for 5 min before 0.4 ml of ice-cold
50% formic acid was added to the cultures. Samples incubated on ice for at least 20 min were centrifuged
at 13,000 rpm for 5min. Five microliters of formic acid extracts was spotted along the bottom of
polyethyleneimine-cellulose thin-layer chromatography (TLC) plates (20 cm by 20 cm; Millipore, Billerica,
MA), and air-dried plates were separated with a 1.25 M KH,PO, (pH 3.4) solvent system in a TLC chamber
for 1 h. TLC autoradiograms were visualized using a phosphorimager (Bio-Rad, Hercules, CA).
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Transposon mutagenesis. The AB5075 AV-T variant was mutagenized with EZ-Tn5 <Tet-1> (Luci-
gen) per the manufacturer’s instructions. The transposon solution (0.5 ul transposon, 0.5 ul transposase,
1.5 ul 10% glycerol) was incubated at 37°C for 1 h prior to electroporation into competent AB5075 AV-T
cells. Electroporations were performed in Bio-Rad Gene Pulser 0.2-cm-gap cuvettes with a MicroPulser
electroporator (Bio-Rad, Hercules, CA). Cells were plated on LB agar plates with tetracycline and
incubated at 37°C for 24 h. Plates were inspected using a dissecting microscope with oblique lighting.

Identification of the EZ-Tn5 <Tet-1> insertion site. To identify the insertion site of the EZ-Tn5
<Tet-1> insertion, total genomic DNA from the mutant was partially digested with Sau3A, and
fragments in the 2- to 4-kb range were gel purified, ligated into the BamHI site of pBC SK(—), and
electroporated into EC100D competent cells (Lucigen, Middleton, WI). Cells were plated on LB agar plates
containing 10 ug/ml tetracycline and incubated overnight at 37°C. To confirm that the insertions were
present, plasmid DNA was purified from Tet" colonies using the QIAprep Spin Miniprep kit (Qiagen,
Hilden, Germany) prior to digestion with Xbal. Plasmids containing insertions were sequenced with
primers FP1 and RP1 provided by the EZ-Tn5 <Tet-1> insertion kit (Lucigen, Middleton, WI).

Microscopy. Cells were grown in LB to either mid-log phase (ODg,, of 0.3) or to early stationary
phase (ODgq, of 1.3). Cells at mid-log phase were concentrated 10-fold prior to phase-contrast micros-
copy at X1,000 magnification under an oil immersion lens.

Construction of an in-frame deletion in relA. To create an in-frame deletion mutant, a fragment
upstream of the relA gene (RelA Up) which contains the first few codons of relA and flanking DNA was
PCR amplified using primers Up-1 (5'-AAAAAGGATCCGCTTGAGCCTTTTTCTCACC-3’) and Up-2 (5'-GCAC
GACGCATGATTCAAG-3'). A second fragment downstream of relA (RelA Down) containing the last few
relA codons and flanking DNA was PCR amplified using primers Down-1 (5'-CTGTTCACGTACTGTGA
CCAT-3’) and Down-2 (5'-AAAAAGGATCCTAAGCGCCATCCAACTTTAGT-3’). Primers Up-2 and Down-1
were previously phosphorylated using T4 polynucleotide kinase (New England BioLabs, Beverly, MA).
RelA Up and RelA Down were ligated for 2 h, run on a 0.8% Tris-acetate-EDTA (TAE) gel, and the gel
section corresponding to the size of the combined fragments was gel purified. The fragment was PCR
amplified using primers Up-1 and Down-2 to create the ArelA fragment, which was digested and ligated
into the BamHlI site of pEX18Tc. The ligation was transformed into EC100D cells and plated on LB plates
containing tetracycline (10 pg/ml). Plasmid DNA was isolated from Tet" colonies and digested to confirm
the presence of pEX18Tc-ArelA construct. pEX18Tc-ArelA was electroporated and maintained in E. coli
SM10 Apir. E. coli SM10 Apir pEX18Tc-ArelA was conjugated to the VIR-O variant of AB5075, and an Amp*
Tet" Sucs AB5075 exconjugant was grown in LB broth at 37°C for 1.5 h at 250 rpm. Cells were plated on
LB (without NaCl) containing 10% sucrose and incubated at room temperature. Sucrose-resistant
colonies were screened via PCR using primers Up-1 and Down-2 to confirm the deletion of relA.

Construction of a relA-complemented strain. A wild-type copy of the relA gene with its native
ribosome binding site was generated by PCR using the primers AGGAGAATGGTATGGTCACAGTACG and
ACTCTCAACAATAAGTCCCCAG. This PCR-generated fragment was then cloned into the Smal site of
pUC18Tn7 LAC Apr (kindly provided by Ayush Kumar at the University of Manitoba) (59). A recombinant
containing the relA gene in the correct orientation such that expression could be driven by the
IPTG-inducible tac promoter was electroporated along with a plasmid containing the Tn7 transposase
(pTNS2) into the ArelA mutant. A strain with the correct insertion of the Tn7/relA into the gimS region of
the chromosome was verified by PCR. This strain was then grown in the presence of IPTG at the indicated
concentrations for complementation experiments.

Moving T26 transposon insertions into new backgrounds. A recent study reported that chromo-
somal markers could be moved between A. baumannii strains by phage-mediated generalized trans-
duction (60). Based on this study, we determined that insertions from the comprehensive insertion library
constructed by Colin Manoil’s group at the University of Washington could be moved between strains
by the same procedure. Overnight saturated cultures containing a given transposon insertion were spun
down, and 1 ml of supernatant was filter sterilized (0.22 um) to generate a phage lysate. To transduce the
recipient strain, 20 ul of a mid-log-phase culture was mixed with 20 ul of lysate and spotted on the
surface of a well-dried LB plate to allow the spot to quickly soak into the agar. After incubation at 37°C
for 4 h, cells were scraped from the plate, resuspended in 2 ml of LB broth, and plated on LB plus
tetracycline (5 ng/ml). Colonies were screened by PCR for the correct insertion.

Plasmid p1132 construction. Plasmid pQF1266 is a derivative of pQF50 (61) and contains a
hygromycin resistance cassette cloned into the Scal site of the p-lactamase gene and an origin of
replication from pWH1266. A partial Sau3A digest of AB5075 chromosomal DNA was performed, and
fragments in the size range of 3 to 6 kb were cloned into the BamHlI site of pQF1266 (62). This genomic
library was used in a variety of genetic screens, and a recombinant plasmid that generated a hypermotile
colony was designated p1132. The only complete gene within this plasmid was ABUW_1132.

Analysis of VIR-O and AV-T switching frequencies. Aliquots of AB5075 VIR-O and AV-T variants in
the wild-type and ArelA mutant backgrounds were serially diluted, plated on 0.5X LB plates, and
incubated at 37°C for 24 h. Plates containing fewer than 50 colonies were used, and 6 well-isolated
colonies from each strain were removed from the plate as agar plugs and resuspended in 2 ml LB broth.
Serial dilutions of 10=4, 10~%, and 10~7 were plated on 0.5X LB plates and incubated at 37°C for 24 h.
Plates were inspected under a dissecting microscope via indirect light, and VIR-O and AV-T variants were
quantified.

Motility assays. Motility assays were carried out on Eiken agar motility plates consisted of 10 g
tryptone, 5 g yeast extract, 5 g NaCl, and 3.5 g Eiken agar (Eiken Chemical Ltd., Tokyo, Japan) per liter.
The plates were prepared the same day of the assay and they were allowed to dry for 30 min before use.
Strains were inoculated in LB broth medium and grown at 37°C with shaking until an OD,, of 0.5 was
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reached. A 1-ul aliquot of the corresponding strain culture was spotted onto the 0.35% Eiken agar
motility plates, and the plates were incubated at 37°C for approximately 8 h, which was previously
determined to be the time required for the ArelA mutant strain to reach the plate border under
experimental conditions. Wild-type and ArelA mutant strains were compared on the same plates. Motility
diameters were measured after the designated time, and statistical analysis was performed using
Student’s t test. The relative migration was calculated as the ratio of the motility diameter of the studied
strain to that of the corresponding control strain in each case. All assays were conducted a minimum of
two independent times.
Galleria mellonella infections. G. mellonella larvae were purchased from Speedy Worm, Alexandria,
MN. For larval infections, the wild-type VIR-O variant of AB5075 and isogenic ArelA mutant cultures were
grown in 2 ml of LB broth at 37°C with shaking to an optical density (ODy,,) of approximately 0.5. Serial
dilutions were prepared in LB with 20% glycerol and stored in aliquots at —80°C. For infections, 9 X 10°
cells were injected in an 8-ul volume with IPTG (10 mM) into the last proleg of G. mellonella larvae
weighing between 200 and 250 mg. Larvae were incubated in a petri plate at 37°C in a humidified
incubator for up to 5days. The number of dead larvae was evaluated at 24-h intervals; larvae were
considered dead when they were dark brown to black and showed no movement in response to touch
with a pipette tip. Injections of LB alone did not result in killing. For all experiments, the serial dilutions
used were plated onto regular LB plates to determine CFU per milliliter for each bacterial strain. The
reported data correspond to three independent experiments carried out with 10 larvae for each strain.
RNA extraction and quantitative real-time PCR. Cultures of wild-type VIR-O strain AB5075 and the
ArelA mutant were grown in 2 ml of LB broth at 37°C with shaking to an ODy,, of approximately 1.500.
The cultures were centrifuged, and the RNA was isolated using the MasterPure RNA isolation kit (Lucigen,
Middleton, WI) according to the manufacturer’s instructions. The samples were treated with Turbo
DNA-free DNase (Ambion) to remove the contaminating DNA. The RNA concentration was determined
using a NanoDrop ND-1000 spectrophotometer, and cDNA was obtained by using the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA) with random primers. The reverse transcription reaction was
performed as follows: 25°C for 5 min, 42°C for 45 min, and 85°C for 5 min. Diluted cDNA (1:10) was used
as the template for experimental reactions. Specific oligonucleotides pairs for quantitative real-time PCR
(gRT-PCR) to amplify approximately 150-bp fragments from each gene of study were generated by using
the Primer-BLAST program (www.ncbi.nlm.nih.gov/tools/primer-blast/). Gene expression was determined
using iQ SYBR green Supermix (Bio-Rad, Hercules, CA) on a CFX Connect cycler (Bio-Rad). Cycle conditions
to amplify and quantify fragments were the following: 95°C for 3 min and then 95°C for 10 s, 55°C for 10
s, and 72°C for 20 s, repeated 40 times. Melt curve data were then collected to confirm the specificity of
the oligonucleotide primer set. Data were generated from two independent RNA isolation and cDNA
preparations and three replicates for each primer pair. The expression level of the target genes was
standardized relative to the transcription level of the housekeeping gene clpX using the threshold cycle
(2-24¢T) method (63). The statistical significance of the observed differences was confirmed by the
analysis of variance (ANOVA) test.
Persister cell assays. Wild-type and ArelA cells were grown to an ODg, of 1.1 and incubated for 1
h at 37°C with either rifampin at a final concentration of 160 wg/ml or colistin at a final concentration of
20 ng/ml. Dilutions were then plated for CFU on LB agar plates.
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